natriuretic peptide (CNP) has a demonstrated hyperpolarizing effect on vascular smooth muscle cells. However, its autocrine function, including its electrophysiological effect on endothelial cells, is not known. Here, we report the effect of CNP on the membrane potential (E m) of pulmonary microvascular endothelial cells and describe its target receptors, second messengers, and ion channels. We measured changes in E m using fluorescence imaging and perforated patch-clamping techniques. In imaging experiments, samples were preincubated in the potentiometric dye DiBAC4(3), and subsequently exposed to CNP in the presence of selective inhibitors of ion channels or second messengers. CNP exposure induced a dose-dependent decrease in fluorescence, indicating that CNP induces endothelial cell hyperpolarization. CNP-induced hyperpolarization was inhibited by the K ϩ channel blockers, tetraethylammonium or iberiotoxin, the nonspecific cation channel blocker, La 3ϩ , or by depletion or repletion of extracellular Ca 2ϩ or K ϩ , respectively. CNP-induced hyperpolarization was also blocked by pharmacological inhibition of PKG or by small interfering RNA (siRNA)-mediated knockdown of natriuretic peptide receptor-B (NPR-B). CNP-induced hyperpolarization was mimicked by the PKG agonist, 8-bromo-cGMP, and attenuated by both the endothelial nitric oxide synthase (eNOS) inhibitor, N -nitro-L-arginine methyl ester (L-NAME), and the soluble guanylyl cyclase (sGC) inhibitor, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one. Presence of iberiotoxinsensitive, CNP-induced outward current was confirmed by perforated patch-clamping experiments. We conclude that CNP hyperpolarizes pulmonary microvascular endothelial cells by activating large-conductance calcium-activated potassium channels mediated by the activation of NPR-B, PKG, eNOS, and sGC.
Here, we report the effect of CNP on the membrane potential (E m) of pulmonary microvascular endothelial cells and describe its target receptors, second messengers, and ion channels. We measured changes in E m using fluorescence imaging and perforated patch-clamping techniques. In imaging experiments, samples were preincubated in the potentiometric dye DiBAC4(3), and subsequently exposed to CNP in the presence of selective inhibitors of ion channels or second messengers. CNP exposure induced a dose-dependent decrease in fluorescence, indicating that CNP induces endothelial cell hyperpolarization. CNP-induced hyperpolarization was inhibited by the K ϩ channel blockers, tetraethylammonium or iberiotoxin, the nonspecific cation channel blocker, La 3ϩ , or by depletion or repletion of extracellular Ca 2ϩ or K ϩ , respectively. CNP-induced hyperpolarization was also blocked by pharmacological inhibition of PKG or by small interfering RNA (siRNA)-mediated knockdown of natriuretic peptide receptor-B (NPR-B). CNP-induced hyperpolarization was mimicked by the PKG agonist, 8-bromo-cGMP, and attenuated by both the endothelial nitric oxide synthase (eNOS) inhibitor, N -nitro-L-arginine methyl ester (L-NAME), and the soluble guanylyl cyclase (sGC) inhibitor, 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one. Presence of iberiotoxinsensitive, CNP-induced outward current was confirmed by perforated patch-clamping experiments. We conclude that CNP hyperpolarizes pulmonary microvascular endothelial cells by activating large-conductance calcium-activated potassium channels mediated by the activation of NPR-B, PKG, eNOS, and sGC.
large-conductance calcium-activated potassium channels; ion channel C-TYPE NATRIURETIC PEPTIDE (CNP) is a highly conserved member of the natriuretic peptide family and an important, but controversial, regulator of vascular tone and blood pressure. CNP consists of 22 amino acid residues and shares a 17-amino acid disulfide ring structure with atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) (29) . CNP functions as a paracrine hormone in both the pulmonary and systemic circulations and is expressed and secreted by vascular endothelial cells (17, 35, 37) . Like ANP and BNP, CNP has been demonstrated to relax blood vessels in a number of vascular beds (8, 14, 20, 39, 40) . Furthermore, CNP appears to have both anti-inflammatory (18, 26, 33) and anti-mitogenic (12, 18, 26) properties. Thus CNP may serve a potentially useful therapeutic agent, especially in the pulmonary circulation, where it has been found to attenuate both bleomycin-induced lung fibrosis and monocrotaline-induced pulmonary hypertension (18, 26) . However, although the physiological effects of CNP are intriguing, the signaling mechanisms that underlie many of its vascular activities remain incompletely described.
The physiological effects of CNP are mediated by membrane-integrated natriuretic peptide receptors. CNP binds selectively to two of the three mammalian natriuretic peptide receptors, NPR-B and NPR-C (36). NPR-B contains an intrinsic guanylyl cyclase domain and initiates an intracellular signal cascade by increasing levels of cytosolic cGMP (29) . NPR-C, once thought to be merely a clearance receptor, is linked by a short intracellular domain to the G i protein complex and can modulate adenylyl cyclase and phospholipase C activities (3) . CNP has a demonstrated hyperpolarizing effect on vascular smooth muscle cells mediated via NPR-C (8, 14, 40) and has been postulated to be endothelium-derived hyperpolarizing factor (EDHF). Thus both NPR-B and NPR-C have been implicated in the vascular effects of CNP.
It has been suggested that the CNP-induced relaxation is mediated, in part, by the vascular endothelium in certain vascular beds (2, 5) . In addition to releasing NO, endothelial cells can alter vascular tone by hyperpolarization of the underlying smooth muscle cells. Several endothelium-dependent vasodilators, including acetylcholine and bradykinin, have been shown to alter vascular tone by modulating ion channel activity in the endothelium (8, 24) . Also, EDHF is associated with endothelial cell hyperpolarization. Myoendothelial gap junctions can transmit the endothelial hyperpolarization to the underlying vascular smooth muscle cells and have been show to play an important role in vasorelaxation (11) . Moreover, endothelial membrane potential (E m ) is an important driving force for calcium entry that, in turn, can affect several endothelial functions (1) . However, the effect of CNP on endothelial cell E m and ion channel activity is not known. We report here that CNP causes the hyperpolarization of rat lung microvascular endothelial cells (LMVEC) and elucidate the underlying receptor, signaling mechanism, and ion-channels involved.
METHODS
Cell culture. Pulmonary microvascular endothelial cells used for all experiments were commercially isolated from rat lungs (LMVEC) and characterized as endothelial cells by VEC Technologies (Rochester, NY). We confirmed the cells as endothelial cells by demonstrating uptake of acetylated LDL and expression of von Willebrand factor. Also, LMVEC stained with the lectins, Helix pomatia and Griffonia (Bandeiraea) simplicifolia, in a pattern consistent with that previously reported, with a greater level of Griffonia (Bandeiraea) simplicifolia staining, relative to Helix pomatia (19) . The cells were used at passages 3-8 for all experiments. The cells were cultured on 0.2% gelatin-coated glass coverslips in complete MCDB media (VEC Technologies) for 24 -48 h before study.
Measurement of E m. Fluorescent measurement of Em was performed using cells loaded with the membrane potential-sensitive dye DiBAC 4(3) (493-nm absorbance, 516-nm emission; Invitrogen-Molecular Probes, Eugene, OR; Ref. 9). LMVEC were grown on glass coverslips, washed with PBS, and incubated with 50 nM DiBAC 4(3) in physiological salt solution (PSS) containing 141 mM NaCl, 4.7 mM KCl, 1.8 mM CaCl 2, 1.2 mM MgCl2, 10 mM HEPES buffer, and 10 mM glucose for 30 min. Subsequently, the coverslips were transferred to a closed-bath imaging chamber (Warner Instruments, Hamden, CT) with a bath volume of 70 l. The chamber was mounted to a Nikon TE2000-U inverted fluorescence microscope interfaced with a Hamamatsu ORCA-285 digital camera, which was contained within a Solent incubator maintaining a temperature of 37°C. The chamber was superfused with PSS containing 50 nM DiBAC 4(3) at a constant rate of ϳ1 ml/min, and the cells were allowed to reach steady baseline fluorescence before treatment. At time of treatment, samples were superfused with either a control media consisting of PSS and 50 nM DiBAC4(3) or the control media containing, in addition, a chemical agonist. In most experiments, CNP was used as an agonist; however, in certain experiments, 8-bromo-cGMP (8-Br-cGMP) was substituted for CNP. Both agonists were purchased from Sigma.
Images were acquired using automated acquisition sequence with Phylum software every 10 s. At each time point, the image was focused under differential interference contrast (DIC) phase-contrast immediately before acquisition of fluorescent images. An excitation wavelength of 405 nm and an appropriate band-pass filter for the DiBAC4(3) emission wavelength (516 nm) were used to generate fluorescent images. Images were acquired under ϫ30 magnification. The exposure time was kept constant during each experiment. For each image, the cellular fluorescence was isolated through background subtraction and normalized to baseline fluorescence at the time of treatment.
Calibration of DiBAC4 (3) fluorescence. To calibrate the change in cellular fluorescence with Em changes, the cells were treated with 10 M gramicidin (Sigma) and exposed to variable concentrations of extracellular Na ϩ . Em was calculated using the Nernst equation, Em
and plotted against relative fluorescent intensity (9).
Agonists and inhibitors. The ion channel inhibitors used were purchased from Sigma. In the experiments with inhibitors, the cells were preincubated with the inhibitors for 30 min during the loading step with DiBAC4(3). The concentration of inhibitors was kept constant during the experiment by adding the inhibitors along with the agonist in the superfusate. The following inhibitors were used in the study: 10 mM tetraethylammonium (TEA), 100 M BaCl2, 100 nM
, and 100 M LaCl3. Ca 2ϩ -free PSS was used for selected experiments and consisted of 141 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl2, 10 mM HEPES buffer, and 10 mM glucose. High-potassium PSS (95.7 mM NaCl, 50 mM KCl, 1.2 mM MgCl2, 10 mM HEPES buffer, and 10 mM glucose) was also used in selected experiments.
siRNA-mediated NPR-B knockdown. Cells were grown in T-75 flasks to 50% confluency and transfected with 100 nM small interfering RNA (siRNA) selective for either NPR-B (sense: 5Ј-GGGACGAAGAUACCAUGGUtt-3Ј; antisense: 5Ј-ACCAUGGUAUCUUCGUCCCtg-3Ј) or GAPDH (Ambion) according to Amaxa electroporation protocol for microvascular endothelial cells. Cells were plated on 0.2% gelatin-coated glass coverslips within similarly coated 60-mm dishes in complete MCDB media (VEC Technologies). Media were replaced 24 h after transfection, and cells were harvested 48 h later. Before performing the microscopy studies, the medium is changed to the experimental medium, thus removing any potentially nonviable endothelial cells. All studies were performed on viable endothelial cells with intact cell membranes. Cells grown on coverslips were used in fluorescence microscopy experiments as discussed above. RNA was extracted from cells grown on 60-mm dishes using TRIzol reagent (Sigma) following the manufacturer's protocol. Two-step RT-PCR was performed on extracted RNA using Bio-Rad iScript cDNA Synthesis Kit, Bio-Rad iTaq DNA polymerase, iTaq buffer, and 10 nM primers for NPR-B (forward: 5Ј-TGA CAG TCA TGC CCT CTA TGC CAA-3Ј; reverse: 5Ј-ACT CTT CGT TCA GTT GTG TCC GGT-3Ј; IDT Inc.) and ␤-actin (forward: 5Ј-CAC ACT GTG CCC ATC TAT GA-3Ј; reverse: 5Ј-CCG ATA GTG ATG ACC TGA CC-3Ј; http://www.realtimeprimers.com) using manufacturer's protocol. The temperature profile of amplification consisted of a 2-min activation at 95°C, followed by 35 cycles of 30-s denaturation at 95°C, 30-s annealing at 55°C, and 30-s extension at 72°C. Electrophoresis was run on 1.5% agarose gel to confirm presence or absence of PCR product using ethidium bromide staining.
Immunoblot analyses. Antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Protein was isolated 72 h after LMVEC were treated with either control or NPR-B siRNA. Equivalent amounts of LMVEC lysate were resolved by SDS-PAGE and immunoblotted as previously described (16) .
Electrophysiology. Perforated patch-clamp recordings were performed on freshly dissociated cultured cells plated on 35-mm culture dishes. Recordings were made with an Axopatch 200B amplifier (Axon Instruments). Briefly, the pipette resistances were 2-4 M⍀ when filled with 200 g/ml nystatin, 30 mM KCl, 110 mM Kglutamate, 1 mM MgCl 2, and 10 mM HEPES (pH 7.3). The extracellular bath solution contained, in mM, 140 NaCl, 5.4 KCl, 1 CaCl2, 1 MgCl2, 0.33 NaH2PO4, 7.5 glucose, and 5 HEPES (pH 7.2). The currents were recorded at a temperature of 21-23°C. The holding potential was 0 mV. The cells were superfused with the bath solution for 10 min before the start of recording. The patch pipettes were briefly dipped in nystatin-free pipette solution before backfilling with the nystatin-containing pipette solution. Pulse train of 5-mV steps was use to monitor for perforation of the patch that occurred in 10 -15 min. Once the access resistance was Ͻ20 M⍀ and the cell capacitance was constant, the acquisition protocols were started. Two protocols were used with voltage-clamp configuration: a step protocol with the test potential ranging from Ϫ100 to ϩ100 mV and lasting 400 ms and a ramp protocol with ramps from Ϫ100 to ϩ100 mV for 600 ms. In selected experiments, current-clamp configuration was used to measure E m in gap-free recording mode. Both the test potentials and Em were corrected for junction potential that was calculated using Clampex software. All data was acquired using Clampex software and analyzed with Clampfit software (Axon Instruments). Data are expressed as means Ϯ SE.
Statistics. The values of fluorescent intensity in the individual cells (ϳ10 cells/field) on each coverslip were calculated, averaged, and represented as an n. Experimental treatments were repeated in separate coverslips 3-9 times for each treatment. Results are reported as means Ϯ SE. Statistical differences were determined by ANOVA and Student's t-test and were considered significant at P Ͻ 0.05.
RESULTS

CNP induces LMVEC hyperpolarization.
To noninvasively evaluate E m changes in LMVEC, we used the fluorescent and potentiometric dye DiBAC 4 (3). To correlate observed changes in cellular fluorescence with changes in E m , we exposed samples to 10 M gramicidin and variable concentrations of external Na ϩ (9). Based on the Nernst equation, assuming equal permeability for K ϩ and Na ϩ , we calculated that a 1% increase in background-subtracted fluorescence corresponded to a 0.6-mV increase in E m in our experimental setup (Supplemental Fig. 1 , available in the data supplement online at the AJP-Lung Cellular and Molecular Physiology web site).
Adding CNP to the PSS/DiBAC 4 (3) perfusate caused a time-dependent decrease in mean cellular fluorescence, indicating hyperpolarization of LMVEC (Fig. 1A) . Fluorescence began to decrease immediately on exposure to 1 M CNP and reached, on average, a level of 69% Ϯ 4% below baseline after 5 min (n ϭ 9), representing an average E m decrease of 19 Ϯ 2 mV. At concentrations of 10 and 100 nM, the effect of CNP on E m was significantly reduced, with 100 nM CNP reducing E m by 6 Ϯ 3 mV (n ϭ 5) after 5 min and 10 nM CNP reducing E m by 3 Ϯ 3 mV (n ϭ 6). As such, we used 1 M CNP for all future experiments (Supplemental Fig. 2) .
Perforated patch-clamp recordings of LMVEC at room temperature demonstrated CNP-induced hyperpolarization as well. The variation of the baseline E m of freshly dissociated cultured primary endothelial cells was from Ϫ16 to Ϫ35 mV. After superfusing 1 M CNP, the E m changed by Ϫ2 to Ϫ23 mV. The greatest change was observed in more depolarized cells, whereas hyperpolarized cells had minimal change (Fig. 1B) . The time course of hyperpolarization in perforated patch recordings was between 5 and 15 min. K ϩ channel blockers modulate CNP activity. To determine which ion channels mediate CNP-induced hyperpolarization, we evaluated the effect of pretreatment with either chemical channel blockers or modified PSS solution (Fig. 2) . Pretreatment with a relatively high concentration of TEA (10 mM , a selective blocker of the inwardly rectifying potassium channel (K ir ), did not have any significant effect on CNP-induced hyperpolarization. However, we did see a complete block of the CNP-induced hyperpolarization on pretreating the cells with 100 nM Ibx, a selective large-conductance calcium-activated potassium (BK Ca ) channel blocker (Fig. 3A) . These data suggested that CNP promoted the hyperpolarization of the LMVEC through the activation of BK Ca channels. Perforated patch recordings confirmed the presence of a CNPinduced outward current (Fig. 3, B and C) , which was blocked by 100 nM Ibx (Fig. 3, B and D) , further confirming the involvement of BK Ca channels.
Extracellular calcium is required for CNP-induced hyperpolarization.
A defining characteristic of the Ca 2ϩ -activated K ϩ channels is an increased open probability at elevated concentrations of intracellular Ca 2ϩ (27) . The Ca 2ϩ can be released from intracellular stores or enter the cell from the extracellular space via nonspecific cation channels (NSC) (27) . Removing calcium from the extracellular media, using a Ca 2ϩ -free PSS superfusate, completely inhibited the CNP-induced hyperpolarization (Fig. 4A ). This effect was mimicked by preincubating the cells with 100 M La 3ϩ (Fig. 4, A and B) , a NSC channel blocker, indicating that extracellular calcium entry is required for CNP-induced endothelial cell hyperpolarization to occur.
CNP-induced hyperpolarization is mediated by NPR-B and PKG. The activity of CNP can be mediated by either NPR-B or NPR-C. When activated, NPR-B increases intracellular cGMP ϩ channel blockers. K ϩ (50 mM, n ϭ 3) and tetraethylammonium (TEA; 10 mM, n ϭ 5) inhibit all classes of K ϩ channels. Iberiotoxin (Ibx; 100 nM) inhibits large-conductance calcium-activated potassium (BKCa) channels (n ϭ 7), whereas Ba 2ϩ (n ϭ 4) inhibits inwardly rectifying potassium (Kir) channels. *P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. 1 M CNP alone.
via an intrinsic guanylyl cyclase domain. NPR-C activation may initiate several intracellular signaling cascades, mediated by the G i protein complex. To determine the receptor responsible for the electrophysiological effect of CNP, we began by substituting a membrane-permeable cGMP analog, 8-BrcGMP, for CNP. 8-Br-cGMP mimicked the effect of CNP, suggesting the involvement of cGMP in the CNP-induced hyperpolarization (Fig. 5A ). To confirm this finding, we pretreated samples with 1 M KT-5823, a PKG inhibitor. KT-5823 completely inhibited the CNP-induced hyperpolarization (Fig. 5, A and B) , indicating that CNP-induced hyperpolarization is dependent on the activation of PKG. Similarly, incubating the cells with DT-3, a cell-permeable PKG1␣ inhibitor (13) , inhibited the CNP-induced hyperpolarization (Fig. 5A) . To determine the role of soluble guanylyl cyclase (sGC) in CNP-induced hyperpolarization, cells were pretreated either with L-NAME, an endothelial nitric oxide synthase (eNOS) inhibitor, or with ODQ, a sGC inhibitor. Pretreatment with either inhibitor attenuated the CNP-induced hyperpolarization (change in E m : CNP, Ϫ19 Ϯ 2 mV; ODQ, Ϫ10 Ϯ 2 mV; L-NAME, Ϫ9 Ϯ 2 mV; Fig. 5, A and C) . This evidence suggests that CNP causes hyperpolarization that is mediated by both the NPR-B particulate guanylyl cyclase and sGC.
CNP-induced hyperpolarization is mediated by NPR-B.
The role of PKG suggests that that CNP-induced hyperpolarization is mediated by NPR-B. To confirm this hypothesis, endothelial cells were transfected with either siRNA selective for NPR-B or with control siRNA and cultured for 3 days. At 72 h posttransfection, we tested the effect of 1 M CNP on the E m in NPR-B-suppressed LMVEC relative to LMVEC transfected with control siRNA. In each experiment, suppression of NPR-B mRNA was confirmed by PCR, relative to ␤-actin (Fig. 6A) , whereas suppression of NPR-B protein was confirmed by Western blot analysis (Fig. 6B) . The E m in LMVEC with suppressed NPR-B did not respond to CNP (change in E m : Ϫ2 Ϯ 3 mV), whereas LMVEC transfected with the control siRNA were hyperpolarized significantly on CNP treatment (change in E m : Ϫ13 Ϯ 2 mV; Fig. 6C ). Transfection did not affect the ability of the LMVEC to respond to CNP, as demonstrated by a lack of significance between E m of the control siRNA transfected vs. nontransfected LMVEC on exposure to CNP (n ϭ 8; P ϭ 0.11).
DISCUSSION
Although endothelial cells are not, by definition, electrically excitable, many of the signaling functions performed by the vascular endothelium depend on the modulation of endothelial cell ion channel activity. Not only does the secretion of many endothelium-derived vasoactive molecules require rapid calcium entry (7, 22) , but also endothelial cells can be coupled electrically to smooth muscle cells by myoendothelial gap junctions, which permit changes in endothelial cell E m to spread directly to the underlying excitable tissue (10, 11) . Endothelial cell E m changes occur in response to a variety of mechanical and chemical stimuli. For example, shear stress has been found to activate chloride channels and depolarize endothelial cells (4), whereas endothelium-dependent vasodilators, such as acetylcholine and bradykinin, have been found to stimulate calcium-activated potassium channels and induce endothelial cell hyperpolarization (8, 24) .
CNP is an endothelium-derived hormone with a demonstrated hyperpolarizing effect on vascular smooth muscle cells (8, 14, 40) . However, the effect of CNP on endothelial cell ion channel activity has not been previously examined. We report here that CNP causes the hyperpolarization of LMVEC. Hence, CNP acts as an endothelium-derived endothelial-hyperpolarizing factor. Furthermore, we conclude that this hyperpolarization is calcium-dependent and mediated by signaling through NPR-B, eNOS, sGC, PKG, and activations of BK Ca channels (Fig. 7) .
Previous research into the electrophysiological effects of CNP on smooth muscle and fibroblast cells suggested that the receptors and ion channels targeted by CNP vary significantly amongst cell types. Wei et al. (40) first reported that CNP hyperpolarizes porcine coronary artery smooth muscle cells by activating BK Ca channels. Subsequently, other authors found that CNP activates the same ion channel in human subcutaneous resistance arteries and determined that its activity is mediated by NPR-B and PKG (14) . However, it has been reported that the CNP-induced hyperpolarization of rat mesenteric arteries depend on the activation of K ir and is mediated exclusively by NPR-C and the ␤-and ␥-subunits of the G i protein complex (8) . Furthermore, Rose et al. (30) recently found that CNP activated a NSC channel of the transient receptor potential (trp) family, also via NPR-C, in rat cardiac fibroblast cells.
In the current study, we find that the CNP-induced hyperpolarization of pulmonary microvascular endothelial cells can be completely abolished by 50 mM extracellular K ϩ , 10 mM TEA, or 100 nM Ibx, indicating that, as in porcine coronary and human subcutaneous arterial smooth muscle cells, CNP activates BK Ca in pulmonary microvascular endothelial cells. Consistent with this observation, we find that removing extracellular Ca 2ϩ or blocking Ca 2ϩ entry with 100 M La 3ϩ , inhibits the CNP-induced hyperpolarization. As Ca 2ϩ is required for activation of BK Ca channels, the apparent dependence of the CNP-induced hyperpolarization on Ca 2ϩ entry further supports the idea that BK Ca channels are the primary targeted ion channels by CNP in pulmonary microvascular endothelial cells. Also, it is possible that the effect we see with La 3ϩ -and Ca 2ϩ -free PSS is mediated by depletion of intracellular calcium stores rather than lack of calcium entry alone. We cannot rule out the possibility that CNP may directly affect NSC channels through a NPR-B-PKG mechanism that has not been previously described and the activation of BK Ca channels is a secondary event. If calcium entry through NSC were the primary target of CNP, Ca 2ϩ entry into the cells would lead to initial depolarization. However, we did not observe any significant depolarization when K ϩ channels were blocked with TEA or Ibx, suggesting that activation of the BK Ca channel is likely the primary event.
We observe that CNP-induced hyperpolarization can be mimicked by 8-Br-cGMP, a membrane-permeable cGMP analog, and is completely inhibited by pretreatment with DT-3 and KT-5823, PKG inhibitors, or by siRNA-mediated NPR-B knockdown. It has been reported that siRNA-mediated knockdown can promote compensatory changes in the protein expression profile of other proteins as well that may confound our results (21) . However, the fact that CNP-induced hyperpolarization is also inhibited by two distinct PKG inhibitors provides further evidence in support of a NPR-B-particulate guanylyl cyclase mechanism that activates PKG by increasing cytosolic cGMP. Interestingly, we observe that pretreatment with L-NAME, an eNOS inhibitor, or ODQ, a sGC inhibitor, reduces the magnitude of the CNP-induced hyperpolarization. This suggests that NO is generated in the course of CNPinduced hyperpolarization and reinforces the synthesis of cGMP that is initiated by NPR-B activation. This NO synthesis may be stimulated by hyperpolarization-induced Ca 2ϩ entry as has been often observed in endothelial cells (22, 24) . With regard to the electrophysiological effects of cGMP, our findings agree with those of Luedders et al. (23) , who found that cGMP elevation, induced by the phosphodiesterase inhibitor sildenafil, activates BK Ca channels in human umbilical cord vein endothelial cells. The regulation of BK Ca by PKG has been reported by Zhou et al. (41) , who found that PKGdependent phosphorylation of the Ser 1134 residue significantly increases the activity of BK Ca clones. However, our results contradict those of Shimoda et al. (34) , who found that 8-BrcGMP application inhibited K ir channel activity and depolarized bovine pulmonary microvascular endothelial cells. The disparity between the previous study and our own may reflect heterogeneity in the cGMP response amongst species or culture conditions. Interestingly, we did not find any PKG-independent hyperpolarization in endothelial cells by CNP, as noted by others in vascular smooth muscle cells.
Recently, it was reported that DiBAC 4 (3) increases the activity of some subtypes of BK Ca channels via interaction with the ␤ 1 -and ␤ 4 -BK Ca channel subunits (25) . BK Ca channels are formed as a complex of two subunits, an ␣-pore-forming unit and a ␤-regulatory unit (32) . We considered that our use of DiBAC 4 (3) as a potentiometric dye might have had an effect on the CNP-induced hyperpolarization we observed in this study. However, it appears that ␤ 1 -subunit is expressed primarily in smooth muscle, hair follicle cells, and neurons and that ␤ 4 -subunit is expressed primarily in the brain (32) . It has also been reported that endothelial cells do not express a ␤-subunit of any type (28) . Moreover, patch-clamping was conducted under conditions lacking DiBAC 4 (3) , and yet the activation of BK Ca channels was still noted, suggesting that the activation of BK Ca channels was indeed caused by CNP. In addition, the patch-clamp experiments independently confirmed the CNP-induced hyperpolarization in absence of DiBAC 4 (3). As expected, the freshly dissociated endothelial cells used for patch-clamp experiments varied in their baseline E m (38) . Also, the greatest CNPinduced E m was noted in more depolarized cells, consistent with the voltage-dependent activation of BK Ca channels. The apparent discrepancy in the measured E m change and time course of the change by patch-clamp and estimated E m by fluorescence can be due to the different experimental conditions. The fluorescence measurements were done at 37°C, in confluent groups of cells, whereas the patch-clamp experiments were done on singly dissociated cells at room temperature. Moreover, we are unable to estimate the baseline resting E m in the fluorescence experiments. It is conceivable that those cells are more depolarized, and, hence, have a bigger change in E m .
There are several physiological implications of the CNPdependent hyperpolarization observed in this study. CNP has been found to both relax isolated pulmonary arteries and to lower overall pulmonary arterial perfusion pressure in rats (20) . In the coronary artery, the effect of CNP on vascular tone has been attributed specifically to its interaction with vascular smooth muscle cells (40) . However, our finding that CNP hyperpolarizes pulmonary vascular endothelial cells suggests that, in the pulmonary circulation, the effect of CNP on vascular tone may be mediated, in part, by interaction with the endothelium. That eNOS inhibition was found to attenuate the CNP-induced hyperpolarization suggests that CNP may increase the synthesis and release of NO in pulmonary microvasculature. This conclusion is supported by the work of Amin et al. (2) and Brunner and Wolkart (5) in the renal and coronary arteries, respectively, and suggests that, in the pulmonary circulation, CNP may have a positive feedback autocrine function and increase the calcium-dependent secretion of other endothelium-derived vasodilators. We noted significant effect of CNP at the dose of 1 M. Although CNP causes vasorelaxation at lower doses in isolated pulmonary vessels, that effect is likely endothelium-independent (20) . Endothelial cells secrete CNP, and the paracellular CNP concentration in vivo is not known. The local concentration may be in the micromolar range, enough to induce endothelial hyperpolarization. Moreover, the endothelium-dependent effect of CNP and augmentation of NO production, in addition to its direct effect on vascular smooth muscle cells at higher doses, may be benefi- Fig. 7 . Proposed mechanism of CNP-induced hyperpolarization. CNP binds selectively to the NPR-B, activating its intrinsic guanylate cyclase domain. Activation of NPR-B increases cytosolic cGMP, stimulating an increase in PKG activity. PKG subsequently phosphorylates BKCa channels, inducing K ϩ efflux and membrane hyperpolarization. Positive feedback to PKG is provided by the activation of endothelial nitric oxide synthase (eNOS) and soluble guanylyl cyclase (sGC) pathways. Extracellular K ϩ , TEA, or Ibx inhibit hyperpolarization by blocking BKCa channels. La 3ϩ or Ca 2ϩ -free PSS inhibit Ca 2ϩ entry, deactivating BKCa channels. 8-Br-cGMP and KT-5823 mimic and attenuate CNP-induced hyperpolarization by respectively activating and inhibiting PKG. L-NAME and ODQ partially decrease the CNP-mediated hyperpolarization by inhibiting the positive feedback loop involving eNOS and sGC, respectively. cial for therapeutic purposes in pulmonary diseases with endothelium dysfunction such as pulmonary hypertension (6) .
There has been debate regarding the expression of BK Ca channels in endothelium. Some authors have argued that the expression of BK Ca channels is absent in isolated endothelial cells (15) , although others have detected their presence (31). These differences may be attributable to heterogeneity between species and vascular beds. Our studies were conducted in cultured primary microvascular endothelial cells that were characterized for the expression of typical endothelial cell makers as well as lectin staining (19) . Future studies are needed to confirm this in an in vivo model.
In summary, exogenous administration of CNP hyperpolarizes LMVEC by activating BK Ca channels. CNP-induced hyperpolarization is initiated by activation of NPR-B and is mediated within the cell by eNOS, sGC, cGMP, and PKG.
